Roots of barley seedlings can become adapted to low oxygen in their immediate environment by development of an extensive air path that facilitates gas exchange with the air via the intercellular spaces of the shoot. Consequently, the seedlings are able to grow in solutions whether aerated or not (1, 23, 24) .
Roots of barley seedlings can become adapted to low oxygen in their immediate environment by de- velopment of an extensive air path that facilitates gas exchange with the air via the intercellular spaces of the shoot. Consequently, the seedlings are able to grow in solutions whether aerated or not (1, 23, 24) .
Physiological differences have been observed between plants adapted to different levels of oxygen supply. Van der Heide et al. (23) found that the sugar level in barley roots growing on one-fourth Hoagland solution was higher when nitrogen was bubbled through the solution than when air was used. In addition, the rate of K4 and Cl-uptake (relative to dry weight) was about 20 % higher in the 'nitrogen' plants.
A distinction needs to be made between kinds of barley root preparations used to study salt uptake, that is, between low-and high-salt roots. Preparations commonly used to study rates of uptake are grown from germination on dilute CaSO4 and are low-salt roots. In this case K4 is restricted to that originally in the seed and so is at a low level in the plant. Roots of seedlings grown on a culture solution are useful for studies of tracer exchange as there is little or no net salt uptake and the cells are in flux equilibrium with the solution. In general high salt roots show more preference for K4 than do low salt roots (13, 18) . Low-salt roots can reach high-salt status as a result of salt uptake and then also show a higher preference for K4 vs. Na+, as measured by tracer uptake. Measurement of the On leave from School of Biology, University of Sydney, Sydney, Australia.
level of K+ and Na+ in such roots when they reach high salt status need not show much discrimination. These levels will have been determined mainly by the initial uptake which was of low selectivity. For this reason the history of the roots needs to be taken into account when judging the selectivity for K4 vs. Na4.
The purpose of this paper is to examine the effects that adaptations to aeration, or lack of it, have on K+ and Na+ uptake into roots of barley seedlings. The majority of workers in this field have used roots grown on aerated solutions; in my own work I have used roots of plants grown on non-aerated solutions. The comparisons given here provide a basis for relating results for these different kinds of roots.
It is shown that uptake into plants growing in a nutrient or salt solution is strongly preferential for K4 whether aerated or not. However, low-salt roots grown on aerated CaSO4 solution are much less selective for KE vs. Na+ than roots grown on nonaerated CaSO4. The differences in K4 selectivity are suggested to be related to H4 release induced by salt uptake.
Materials
Seeds of Hordeum vulgare cv. Compana, were soaked in aerated water for about 8 hr then germinated on cheesecloth over stainless steel gauze above an aerated solution of 0.5 mm CaSO4. When the roots were about 1 cm long, and reached into the solution from the gauze, the pots of seedlings were divided into 2 sets; one was aerated and in the other aeration was discontinued. Roots from these 2 sets will be referred to as AER and N-AER, respectively.
showed that this differeence in root diameter wcas due to greater cell widtlh and nlot to an increase in cell number. The cell lengtlh in AER roots was abotit 20 % greater tlhain in N-AER roots. As a result of differences in cell size, the surface area of cortical cells per gram of roots was greater in AER roots (1400 cm2/g) than in N-AER roots (1000 cm112/g) and the volume of intercellular spaces was less. The N-AER roots floated on solution and were intensely white due to internal scattering of light; the AER roots were slightly denser than water and translucent. Some properties of AER and N-AER roots are listed in table I.
The basal (upper) 3 to 4 cim of AER roots and 2 to 3 cm of N-AER roots were niot used in experiments. It was found that uptake by variouts parts of the rest of the root was about the same.
For analIysis of salt content, roots were ashed at 4500 and dissolved in a mixtutre containinig 0.1 A HNO3 + 10 % v/v acetic acid. Concentrations of K+, Na+, Ca2 , and Mg2+ were determinied by atomiiic absorption spectroscopy; Cl-was miieasured by coInlombic titration. (14) . The greater uptake into AER roots appears to be due to the larger surface area of cells in these roots.
K' Na+
Cl-(K4 ± Na4) SK, Na AER roots (7) ,ueqig 4 (16, 18) .
Tracer 86Rb Uptake. The initial rates of 86Rb uptake by AER and N-AER roots were very nearly the same and about 8.0 ,xeq per g per hr (Fig. 3) . About 20 min after the start of uptake there was a reduction in rate of uptake, which was more marked for AER than for N-AER roots. Between Fig. 3 . Sodium uptake was (a) 48 jueq/g; (b) 42.5 ,ueq/g, and chloride uptake (a) 388 ,eq/g, (b) 38.9 ,eq/g. The pH was maintained at 53.3. contain only 2 ueq/g of sodium. Initial rates of uptake of sodium into AER roots are greater than into N-AER roots, as would be expected from the results in table III (Fig. 4) . The rate of uptake into the roots increased by about 1.0 to 1.5 ,ueq per g per hr at about the same time as there was a decrease in 86Rb uptake (Fig. 4) .
Pre-treatment of Excised Roots and K+ Uptake. Comparisons of K+ and Na+ uptake were complicated by an effect of pre-treatment, particularly when using AER roots. Roots kept in 0.5 mm CaSO4 for 2 to 4 hr after cutting took up more K+ than either roots of whole plants or excised roots used after a short rinse in CaSO4 solution. For example uptakes of K+, Na+ and Cl-in 4 hr from the standard solution by roots of whole plants were 4.7, 48.5, and 42 ,ueq/g. Uptakes by roots kept in 0.5 mM CaSO4 for 4 hr after cutting were 10.6, 41, and 43 FLeq/g respectively. Total salt uptake was the same but different proportions of K+ and Na+ were accumulated. Fig. 5 shows that the difference in net K' uptake was largely due to efflux of K+ from the roots. Tracer uptake was the same in both cases.
This K+ efflux appeared to be from all the cells of the cortex and not from the cut end of the stele.
Measurements were made of K+ lost from the cut ends and K+ uptake over the whole root surface. Using freshly cut roots in a solution of 0.1 mM KC1 + 10.0 mm NaCl + 0.5 mM CaSO4 there was a loss of 0.4 ,ueq/g from the cut end and an uptake of 1.1 /Leq/g-hr. When roots were kept for 4 hr in CaSO4 after cutting, loss from the cut end was the same but uptake along the root was 4.0 iaeq per g per hr. At low pH, uptake into both AER and N-AER roots was less selective than at high pH. (Fig. 6 ).
Total salt uptake into both N-AER and AER roots was about 10 % less at pH 4.3 than at pH 5.5. Lack of Ca2+ did not affect uptake of Cl-into N-AER roots, but reduced Cl-uptake into AER roots by about 20 %.
Relation to Other Published Data on K+ and Na+ Uptake. Table VI compares results for K+ and Na+ uptake from several authors. The differences in SK,Na within the same variety can be explained adequately by the differences described in this paper between roots grown on aerated and non-aerated CaSO4 solution, or by differences in the method used to measure uptake. Uptake over the first few hr is less selective than that over 24 hr (Fig. 2) and SKI,Na measured by tracer uptake can be larger than that measured by net uptake, particularly if there is efflux of K+.
In general, differences in K+ and Na+ uptake between varieties of barley do not seem to be as large as the changes in selectivity due to pretreatment or method of measuring uptake. Greenway (5) has also found that selectivity of uptake by a number of varieties was very nearly the same despite differences in salt tolerance. (table I). The higher level of alanine in non-aerated roots has a parallel in the water fern Marsilea, for Gaudet (4) found that the water form of this fern contained very much more alanine (and ammonia and glutamine) than the land form. When these low-salt roots were put into salt solutions containing K+ and Na' they showed a large difference in selectivity for K-. Roots grown without aeration (N-AER) had much larger SK,Na than roots grown witlh aeration (AER) (Fig. 2 ). These differences were found for a wide range of total (K+ + Na+) concentratioins. Differences between the roots were also found in total salt uptake, but the larger uptake by roots grown with aeration can be explained by the larger sturface area of cells per gram of those roots compared with N-AER roots (table IV) . The surface area cotuld not accouint for the difference in SK,NI in the 2 kinds of root.
Tracer measurements showed that there was a change in Na+ and K+ influxes into both AER and N-AER roots about 20 to 30 miil after putting the roots into a 10 mM salt solution. The difference in SKINa seen in long term uptake into these roots (Fig. 2) was partly due to larger Na+ and smaller K+ influxes into AER roots, but also to a larger K+ efflux from AER than from N-AER roots. The development of KI efflux was also responsible for the low SK,Na for roots in solutions of low pH (cf. (Fig. 6 ). There are other samples of this action in the literature (e.g. 3, 9, 12, 22) and the interaction of Ca2' and H+ to increase membrane permeability has been discussed by Marschner and Mengel (10, 11) .
Active uptake of salt does not seem to be affected by low pH to the same extent as cell permeability. In table V uptake of tracer was the same at pH 4.3 and 5.5, and total salt uptake was only 10 % lower at pH 4.3 than at 5.5. Jackson and Edwards (7) also found that variation in pH in the range 4 to 7 had little effect on K+ and Cl-influxes from KCI solutions. Similarly Rains et al. (21) studying uptake of K+ at low concentrations (Mechanism I uptake) found that 80Rb influx at pH 4.1 was only 10 % lower than at pH'5.7.
Welch and Epstein (25) have shown recently that Mechanism I is responsible for almost all the K+ uptake from solutions containing large proportiolns of Na' (sucli as the ones used in these experiments). They found that K+ uptake from 0.1 mM KCl and 10 nim NaCl was very nearly the same as that from 0.1 mm KCI and from 5.0 mm KCI + 10.0 mm NaCl. This Mechanism I process is the same, I think, as the active K+ influx shown to be present in higlh salt roots (17) , and located at the plasmalemma. Mechanism I appears to hiave a value of about 4 to 6 Aeq/ghir at 250 while total salt uptake from a 10 mM Cl-solution is about 10 to 12 peq per g per hr.
To account for clhanges in selectivity as low salt roots accumulated salt, I suggested (18) that changes in selectivity reflected changes in cytoplasmic K+ and Na+. The combination of active K+ uptake (Mechanism I) and effect of H+ ions on cell permeability shows one way that this change in selectivitv could be induced.
In high-salt roots a high value of K+/Na+ in the cytoplasm can be maintained by the Mechanism I influx of K+ and possibly by an Na+ active efflux too (17) . The effectiveness of this system depends on the "leak" of Na' into the cell past the pumps; if the cell permneability to Na' is low then K+/Na" will be high in the cytoplasm. Increasing cell permeability by the action of H+ ions would increase Na+ influx and so reduce the ratio of K' to Na+ in the cytoplasm. Selectivity would be further reduced if H+ loss from the cell is an active secretion which takes place instead of Na+ efflux in the low-salt condition. Substantiation of this hypothesis reqtuires meaFurements of permeability of the cell and of Na+ influx at different stages of uptake. It is doubtful how much reliance could he placed on these kinds of measurements with present techniques. Nonetheless, this hypothesis allows behavior of low-and high-salt roots to be explained on the same model, and has the experimental support of the relationship between H+ and SK,Na described above.
This comparison of uptake into roots grown on aerated and non-aerated solutions has the advantage that the plant material is genetically the same though modified by environment. Apart from the usefulness of this comparison for salt uptake study, it is a good example of the way plant roots may become adapted morphologically and physiologically to local differences in environment. Plants growing in soil can experience fluctuations in their environment. As synthesis (or activation) of enzymes is a relatively rapid process, adaptational responses of cell metabolism could occur within 12 hr of an environmental change. A study of adaptations of cell metabolism to, for example, low water availability, high salt levels, or flooding should be a necessary part of the study of plant nutrition.
